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INTRODUCTION 

I n  t h i s  study, we show t h a t  the mass spectrometric composition o f  coal t a r s  can 
be predic ted from the  p y r o l y s i s  mass spectra o f  t h e i r  parent  coals. 
low vo l tage e l e c t r o n  i o n i z a t i o n  mass spectrometry (CuPy-EIMS) was performed on 
nineteen coa ls  and on t h e i r  respect ive py ro l ys i s  l i q u i d s  prepared by means o f  a 
f i x e d  bed reactor  method described elsewhere (1). 
analys is  techniques, t he  spect ra can be c l a s s i f i e d  and under ly ing s t r u c t u r a l  
var iab les responsib le  f o r  the above c l a s s i f i c a t i o n  i d e n t i f i e d .  Furthermore, 
compositional s i m i l a r i t i e s  and d i s s i m i l a r i t i e s  between the s o l i d  samples and t h e i r  
l i q u i d s  can be brought ou t  us ing canonical c o r r e l a t i o n  methods (2) .  Table I l i s t s  
the samples, t h e i r  PSOC numbers, geolog ica l  o r i g i n  and the rank in format ion.  O f  
the nineteen coal samples, two are o f  subbituminous rank, t h ree  of h igh  v o l a t i l e  B 
and C bituminous rank and the  remainder o f  h igh  v o l a t i l e  A bituminous rank. 
coals are from t he  Easte?n/P.ppa!ach;a~ cos! p ~ v i n c s ,  s i x  2i-i. fieoiii t h e  i n t e r i o r  
province and one i s  a Western coal from the Northern Great P la ins  province. 

EXPERIMENTAL 

Cur ie-point  

Using f a c t o r  and d iscr iminant  

Twelve 

D e t a i l s  o f  sample preparat ion and CuPy-EIMS analys is  procedures have been 
described elsewhere (3 ) .  Experimental condi t ions were as fo l l ows :  Cur ie-point  
temperature 610OC; heat ing r a t e  approx. 100 K/s; t o t a l  heat ing t ime 10s; e lec t ron  
energy 12eV; mass range scanned 20-260 amu; scanning r a t e  1000 amu s-1; t o t a l  
scan t ime approximately 10s. 
spectra recorded and s tored by computer (IBM 9000). 

Data Processing 

analysis. The reason f o r  t h i s  i s  t h a t  the low mass range va r iab les  are not  
su i tab le  f o r  c o r r e l a t i n g  the coals  w i t h  t h e i r  t a r s  because o f  t he  l o s s  o f  low 
molecular weight  v o l a t i l e  products i n  the f i x e d  bed reactor .  
se ts  cons is t i ng  o f  1 7 1  va r iab les  were preprocessed, normalized and f a c t o r  and 
d i sc r im inan t  ana lys i s  performed (4,5). 
be s i g n i f i c a n t ,  accounting f o r  55% o f  the variance i n  the  coal  data and 53% 
variance i n  the  t a r  data, respec t i ve l y .  

canonical c o r r e l a t i o n  ana lys i s  was done. Two canonical v a r i a t e s  were obtained w i t h  
c o r r e l a t i o n  c o e f f i c i e n t s  >0.9. The two canonical va r ia tes  f o r  the coal data set 
accounted f o r  35% o f  t h e  t o t a l  variance; whereas 30% o f  the t o t a l  variance was 
accounted f o r  by the  two canonical va r ia tes  f o r  the t a r  data se t .  

checked. The scores o f  the "unknown" sample were p ro jec ted  i n  the canonical 
v a r i a t e  space and t h e  p y r o l y s i s  mass spectra o f  these unknown samples were then 

Each sample was analyzed i n  t r i p l i c a t e  and the 

Mass va r iab les  w i t h  m/z values higher than 90 were se lected f o r  m u l t i v a r i a t e  

The remaining data 

Four d i sc r im inan t  f unc t i ons  were found t o  

Using four d i sc r im inan t  f unc t i ons  from both the coal and the  t a r  data sets ,  

Using a " j a c k k n i f i n g "  procedure the topology o f  the canonical v a r i a t e  space was 
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pred ic ted  by c a l c u l a t i n g  a d is tance weighted average from the spect ra o f  the two 
nearest neighbors. 

Methods and Procedures 

A b r i e f  desc r ip t i on  o f  the methodology and mathematical r a t i o n a l i z a t i o n  i s  
g iven below. Factor ana lys i s  ( 6 )  i s  an e f f i c i e n t  way o f  reducing a data s e t  ( t h e  
data i s  genera l l y  preprocessed t o  form a c o r r e l a t i o n  m a t r i x ) .  
describes the  maximum co r re la ted  variance i n  the data se t ,  the second (orthogonal 
t o  the f i r s t )  the maximum o f  the res idua l  co r re la ted  variance, e tc . :  

The f i r s t  f a c t o r  

F j  = a l j z l  + az jzz + ... + amjzm 1) 

where F j  i s  f a c t o r  . 
va r iab le  z i  t o  the S i c t o r .  

The scores, i .e . ,  the con t r i bu t i ons  o f  the spect ra t o  the fac to rs ,  are obta ined 
by s u b s t i t u t i n g  the  i n t e n s i t i e s  o f  the mass va r iab les  i n  the spect ra f o r  z i .  
r e l a t i o n s h i p  between the data ma t r i x  D ( s i z e  s x m where s i s  the number o f  spect ra 
and m i s  t he  number o f  mass va r iab les )  and the ca l cu la ted  f a c t o r  ma t r i x  i s :  

w i t h  loading a i j ,  which describe the c o n t r i b u t i o n  o f  the 

The 

D = S x F  2)  

where S i s  the score ma t r i x  ( s i z e  s x n, n = number o f  f a c t o r s )  and F ( s i z e  n x m) 
contains t h e  fac to rs .  The scores i n  the  p r i n c i p a l  component analys is  are 
ca lcu lated i n  the f o l l o w i n g  way: 

S = D x (E x /\-1/2) 3 )  

where S conta ins the standardized scores (mean i s  zero, standard dev ia t i on  i s  l), 
and D the standardized data ma t r i x .  E i s  the orthonormal eigenvector f o r  ma t r i x  Z 
= l / s  DTD, w i t h  the eigenvalues given i n  /\. 

t h i s  r e l a t i o n :  
The standardized data matr ix ,  D, can be reconst ructed from the scores us ing 

D = S x (E x /\-lIZi-l 
= S x ( E - l  x /\l/ ) 

S x (ET x /\1/2) 
= standardized scores * f a c t o r  loadings 4) 

I 

I 

The score o f  an unknown sample, de f i ned  i n  terms o f  a standardized data ma t r i x ,  can 
be p ro jec ted  us ing Equation 3 .  S i m i l a r l y ,  the p ro jec ted  unknown score, based on a 
t r a i n i n g  data se t ,  can be used t o  p r e d i c t  a standardized data ma t r i x  ( i n  t h i s  case 
o f  the unknown sample) us ing Equation 4. The f a c t o r  loadings, before being used i n  
Equation 4, have t o  be transformed t o  the canonical v a r i a t e  space by us ing  the 
canonical v a r i a t e  ma t r i x .  

RESULTS AND DISCUSSION 

The r e s u l t s  w i l l  be discussed under two separate subheadings; canonical 
c o r r e l a t i o n  r e s u l t s  and p r e d i c t i o n  r e s u l t s .  

Canonical Cor re la t i on  Results 

Canonical v a r i a t e  scores ( C V I  vs. CVI I )  f o r  the two data se ts  are p l o t t e d  i n  
Figure 1. The r e s u l t  shows t h a t  the data i s  p r i m a r i l y  two-dimensional. The 
c l u s t e r i n g  o f  the samples suggests t h a t  t he  I n t e r i o r  hvb coals (samples #15, 16 and 
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17, Table I )  are more a l i k e  i n  composition than the Eastern hvb coals. The s u b b i t  
C Upper Block Ind iana coal (sample #7) i s  d i f f e r e n t  from the subb i t  A coal o f  t he  
Northern Great P la ins (sample #18). The Lower K i t t a n i n g  coal from West V i r g i n i a  
(hvAb, sample #9) and the Lower Banner V i r g i n i a  coal (a l so  hvAb, sample #6) do n o t  
f a l l  close t o  the c l u s t e r  w i t h  other  hvAb coals .  Although the  Lower Banner coal 
has been found t o  be d i f f e r e n t  from other  hvAb coals  pe t rog raph ica l l y ,  s i m i l a r  data 
i s  unavai lab le f o r  t he  Lower K i t t a n i n g  coal. 

t h a t  f o r  t h e  coal data;  the scores o f  the coal and the  t a r  are very close i n  t h i s  
two-dimensional canonical v a r i a t e  space. The c lose r  the score o f  the t a r  sample t o  
t h a t  o f  t he  coal, t he  more a l i k e  t h e i r  spec t ra l  pa t te rns  are. The average r e l a t i v e  
dev iat ion between the  coal and t a r  scores i s  10% i n  the  d i r e c t i o n  o f  C V I  and 25% i n  
the d i r e c t i o n  o f  C V I I  ( t h i s  i s  r e l a t e d  t o  the  unce r ta in t y  i n  the predic ted 
composition). Based on t h i s  canonical score p l o t ,  i t i s  poss ib le  t o  p r e d i c t  the 
composition o f  the coal  t a r s  s t a r t i n g  from the Py-MS pa t te rns  o f  the coals w i t h  t h e  
help o f  Equation 4. 

score o f  t h e  unknown sample i n  the canonical v a r i a t e  space o f  the coal data set .  
Two samples were se lected f o r  j a c k k n i f i n g  t e s t s  - one from each marked c l u s t e r  
represent ing coals  o f  d i f f e r e n t  rank and o r i g i n  (samples #16 and 2, respec t i ve l y ) .  
Figures 2 and 3 show t h e  score p l o t s  f o r  the f i r s t  two canonical va r ia tes  w i t h  the 
score o f  t h e  p a r t i c u l a r  unknown sample pro jected.  The topology o f  t he  C V I / C V I I  
space i s  preserved i n  both cases (F igures 2 and 3 ) ;  t he  p ro jec ted  score o f  the 
p a r t i c u l a r  sample f a l l s  almost i n  the  same l o c a t i o n  as i f  it were a p a r t  o f  t he  
data set. 

The c l u s t e r i n g  p a t t e r n  o f  t he  corresponding t a r  data s e t  i s  almost the same as 

As mentioned before,  the p r e d i c t i o n  i s  based on t h e  l o c a t i o n  o f  t he  p ro jec ted  

Predic t ion Results 

Because the  p ro jec ted  score o f  t he  j ackkn i fed  sample l i e s  i n  the same space as 
the o r i g i n a l  data set ,  we have used a simple technique t o  p r e d i c t  t he  mass spect ra 
o f  the se lected samples. For example, the spectrum o f  sample #16 i s  der ived from 
the d is tance weighted averaging o f  those o f  samples 15 and 17 (F igure 2). 
S im i la r l y ,  the spectrum o f  sample #2 i s  der ived by weighted averaging o f  those o f  
samples 4 and 14 (F igu re  3) .  

Since some coal and t a r  components are n o t  s t r o n g l y  represented i n  t h i s  space 
the d is tance weighted averaging method makes the assumption t h a t  c l u s t e r i n g  
behavior observed i n  canonical c o r r e l a t i o n  space i s  representat ive o f  ove ra l l  
c l us te r i ng  tendencies. This assumption can and should be v e r i f i e d  by inspect ion o f  
c l u s t e r i n g  behavior i n  mult idimensional f a c t o r  space. 

t a r ,  and the  p red ic ted  t a r .  Most o f  t he  components present i n  the coal spectrum, 
Figure 4a, are a l so  seen i n  the  t a r  spectrum, F igure 4b. For example, the mass 
peaks a t  m/z 94, 108, 122 ("phenols"), 110, 124, 138 ("dihydroxybenzenes"); 142, 
156, 170, 184, 198 ("naphthalenes"); 168, 182, 196, 210, 224 ("acenaphthenes") and 
178, 192, 206 ("phenanthrenes/anthracenes") are a l l  found i n  both the coal and the 
t a r  spectra. The d i f f e rences  between these two spect ra should a l so  be noted here. 
The higher molecular weight  masses a l l  have s t ronger  s igna ls  i n  the  t a r  spectrum, 
and the pa t te rns  o f  t he  components such as naphthalenes (m/z 142, 156, 170, 184), 
acenaphthenes (m/z 168, 182, 196) and anthracenes (m/z 178, 192, 206) are d i f f e r e n t  
i n  the  t a r  spectrum. The naphthalene se r ies  reaches i t s  maximum a t  a t  m/z 156 i n  
the coal spectrum, and a t  m/z 170 i n  the t a r  spectrum; s i m i l a r  s h i f t s  i n  the 
r e l a t i v e  i n t e n s i t y  p a t t e r n s  are observed f o r  o the r  components mentioned above. The 
predic ted spectrum, F igure 4c, shows t h a t  it preserves the spect ra l  subpatterns o f  
the i n d i v i d u a l  components. 

Figure 4a, b, c shows the  spectra o f  t he  I L  #6 coal ,  t h a t  o f  the corresponding 

Also note t h a t  t h e  r a t i o  o f  the peak heights  between 

237 



and within separate components in the original tar spectrum (Figure 4b) and the 
predicted spectrum (Figure 4c) is alike. 

Pennsylvania, of the corresponding tar, and of the predicted tar. In this case the 
spectral subpatterns of the important components are markedly different between the 
coal and the tar. Nevertheless, when comparing Figures 5b and 5c the predicted and 
measured tar patterns show a very high degree of similarity and are distinctly 
different from the corresponding patterns in Figure 4. 

CONCLUSIONS 

Figure 5a, b, c shows the spectra o f  a typical Eastern hvAb coal from 

The data presented here demonstrate that pyrolysis mass spectrometry in 
combination with canonical correlation analysis enables modeling and prediction of 
complex coal conversion processes such as the fixed bed liquefaction method. To 
the best of our knowledge this represents the first time that the chemical 
composition of coal-derived liquids has been predicted directly from feed coal 
characterization data. Moreover, the method is completely general and can be 
applied to all coal characterization data (whether obtained by conventional or by 
advanced spectroscopic techniques) and coal conversion processes in which the end 
products have been carefully characterized. 

A shortcoming of the present study is the lack of a sufficiently large number 
of feed coal/coal tar pairs to allow adequate modeling and prediction o f  coal 
conversion behavior for more than two coal clusters. Also, a somewhat simplistic 
method was used to calculate predicted tar spectra based on a distance weighted 
average of the two nearest neighbors in a two-dimensional canonical correlation 
space. 
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TABLE I 
GEOGRAPHICAL ORIGIN AN0 RANK INFORMATION OF NINETEEN COAL SAMPLES 

SERIAL k 

10 
11 
12 
13 
14 
15 

17 

19 

PSOC # 

1481 

375 
267 

1472 

i469 
123 

1471 
306 
296 

1475 
275 

1492 

1323 
181 

1520 

GEOLOGICAL INFORMATION RANK INFORMATION 

Eastern/Appalachian, OH #6 hvAb 
i b i d ,  Upper C l a r i o n  hvAb 
i b i d ,  Wellmore #8 hvAb 
i b i d ,  Hazard #9 hvAb 
i b i d ,  Cl intwood hvAb 
i b i d ,  Lower Banner hvAb * 
i b i d ,  Arkwr ight  hvAb 
i b i d ,  Mary Lee hvAb 
i b i d ,  Lower K i t t a n i n g  hvAb 
i b i d ,  Pee Wee hvAb 
i b i d ,  OH #12 hvAb 
i b i d ,  OH #5 hvAb 
i b i d ,  Elkhorn #3 hvAb 
i b i d ,  OH #6A hvAb 
In te r i o r /Eas te rn ,  IL#5 hvBb 
i b i d ,  IL#6 hvCb 
i b i d ,  IL#6 hvCb 
i b i d ,  Upper Block sub. A 
N.  Great P la ins /Fo r t  Union, Wyodak sub. C 

b. 
18 18 

b. 
19 19 

Figure 1. 
Note t h a t  on l y  the  means of t he  th ree  scores f o r  each category are p l o t t e d .  

Score p l o t  i n  the  C V I / C V I I  space f o r  both t h e  coal  and t h e  t a r  samples. 
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3.3 1 

0 
18 

19 

-1.9 I I t 
2.0 -'.' Canonical ~ar iate1(20.3% variance) 

Figure 2. 
i n  the CVI/CVII space. Note the  pro jec ted  score o f  sample #16 (marked by *).  

E f f e c t  o f  removing sample #16 from the  coal data se t  on t h e  score p l o t  

0 
19 

-1.7 2.0 
Canonical Variate I (18.2% variance) 

Figure 3. 
i n  the CVI/CVII space. 

E f f e c t  o f  removing sample #2 from the  coal data s e t  on the  score p l o t  
Note the  p r o j e c t e d  score o f  sample #2 (marked by * ) .  
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b 

F i g u r e  4. P y r o l y s i s  mass spectrum o f :  ( a )  I l l i n o i s  #6 hvCb c o a l ;  ( b )  d i r e c t  probe 
mass spectrum o f  t h e  cor responding  t a r ,  and ( c )  m a t h e m a t i c a l l y  p r e d i c t e d  spectrum. 

a 

C 

MI.? 
F i g u r e  5.  P y r o l y s i s  mass spectrum o f : ( a )  Upper C l a r i o n  hvAb c o a l ;  ( b )  d i r e c t  probe 
mass spectrum o f  t h e  cor responding  t a r ,  and ( c )  m a t h e m a t i c a l l y  p r e d i c t e d  spectrum. 
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